Single atom catalysts (SACs) based on 2D materials are identified to be efficient in many catalytic reaction. In this work, the catalytic performance of Pd/Pt embedded planar carbon nitride (CN) for CO oxidation, has been investigated via spin−polarized density functional theory calculations. We find that Pd/Pt can be firmly anchored in the porous CN monolayer due to the strong hybridization between Pd/Pt−d orbitals and adjacent N−2p orbitals. The resulting high adsorption energy and large diffusion barrier of Pd/Pt, ensuring the remarkable stability of the catalyst Pd/Pt@CN during CO oxidation reaction. The three distinct CO reaction mechanisms, namely, Eley−Rideal (ER), Langmuir−Hinshelwood (LH), and Tri−molecular Eley−Rideal (TER), are taken into consideration comparatively. Intriguingly, the oxidation reaction
Introduction
To control the emission of environmental−harmful pollutants and remove CO contaminants from H 2 gas fuel in fuel cells, the low−temperature CO oxidation reaction has received sustained attention. [1] Typical and conventional catalysts for CO oxidation mainly consisting of noble metals, especially for Pd [2, 3] , Pt [4, 5] and Au, [6, 7] have been abroadly investigated for decades. However, the large−scale applications are restrained by the high cost and limited storage of these noble metals in earth. [8, 9] Gradually accepted methods, downsizing the catalysts to atomic scale, for extreme case, SACs, can not only enhance the reactivity of catalysts, but also reduce the cost of fundamental scientific research and industrial applications. [10, 11, 12] Meanwhile, it is an indisputable fact that high stability and no cluster formation of individual metal atom on the supporting material are the key prerequisites for catalyst to maintain its chemical activity. [13] Therefore research on finding an appropriate single-atom anchoring platform remains a major challenge.
Benefiting from the large surface area, high thermal stability, easily fabrication, two−dimensional (2D) materials, such as graphene [14, 15] or defective graphene, [16, 17] ,even Graphene assembled nanotube, [18] Graphdiyne, [19] Boron sheet, [20] MoS 2 , [21, 22] h−BN [23, 24] and graphic carbon nitride (CN, [25] C 3 N 4 [26, 27] and C 2 N [28, 29, 30] ), have been considered as prominent supports to host single atoms in various catalytic reactions (CO oxidation, O 2 reduction/evolution, H 2 evolution, N 2 reduction, etc). In particular, a porous 2D framework containing nitrogen can provide rich electron pairs to capture metal ions in the ligand. More importantly, the uniform nitrogen coordinators provides unique identification of active sites. Among these nitrogen−doped 2D carbon networks, CN has triggered intensive research in He separation, [31] H 2 storage [32] and O 2 evolution reaction. [29] Although intrinsic CN is inert in electrocatalytic processes, it is still attractive to study whether the transition metals−embedded CN system can exhibit promising catalytic performance with high stability and superior reactivity in the CO oxidation reaction.
In this work, we have systematically investigated the catalytic performance of two representative species, Pd and Pt, anchored CN systems in CO oxidation process by employing first−principles calculations. The results show that TER mechanism is the most preferable one for CO oxidation on Pd@CN with a rate−determining barrier of 0.46 eV, while Pt@CN prefers the LH mechanism with a barrier of 0.68 eV. Moreover, the activation nature of O 2 and CO are interpreted through electron "acceptance−donation" interaction between gas molecules and transition metals. We predict that the Pd/Pt embedded CN system is an efficient, low cost and stable SACs with potential application in CO oxidation.
Computational details
The spin−polarized first−principles calculations were conducted in Vienna ab initio simulation package (VASP). [33] The Projected Augmented Wave (PAW) in conjunction with Generalized Gradient Approximation (GGA) in the framework of Perdew−Burke−Ernzerhof (PBE) form with van der Waals (vdW) of DFT−D2 scheme was used to describe the electron−exchange correction effect, [34, 35] and a cutoff energy of 500 eV was adopted. The geometries were optimized until the energy and force were converged to 10 −4 eV and 10 −2 eV/Å.
To avoid interaction between two adjacent images, the vacuum space was set to be 20Å. Also, The Monkhorst−Pack meshes of 3 × 3 × 1 were used in sampling the Brillouin zone. The on−site coulomb interaction (U) of 4 eV and exchange interaction (J) of 1 eV were applied to describe partially filled d−orbitals by considering coulomb and exchange corrections. [36] The reaction paths were investigated by the climbing nudged elastic band (CI−NEB) method. [37] To evaluate the thermodynamic stability of Pd and Pt anchored CN systems, we carried out the first−principles molecular dynamics (MD) simulations at 300 K with a time step of 1 fs. Bader charge analysis [38] was used to obtain the amount of transferred electrons. 
O 2 and CO adsorption on Pd/Pt@CN
For SACs, the efficiency strongly depends on its ability to bind the gas molecules over catalytic active centers. So the preliminary investigation of O 2 and CO adsorption over active sites, here Pd and Pt, is meaningful and essential. The adsorption energy (E a ) of a single molecule (O 2 , CO and CO 2 ) and
presents the total energies of hybrid structures and isolated parts, respectively. Meanwhile, the Pd atom, originally locating in the undistorted plane of CN 6 [shown in Fig. 1(b) ], is also somehow pulled out from the sheet with two Pd−O distance of 2.03Å [see Fig. 2(a) ]. Moreover, As depicted in Fig. 2(b is highly desirable for the reactivity in most SACs, especially for the diatomic catalytic reactions, such as CO oxidation [21] and N 2 reduction. [20, 40] The most stable CO adsorption configuration as well as corresponding charge density difference plot, PDOS are presented in Fig. 2(d) (e) (f), respectively.
The CO prefers an end−on configuration with the formation of a Pd−C bond (1.89Å). The adsorption energy (E a = −0.97 eV) is moderate, which may avoid CO poisoning and surely benefits for the reaction. Similar to the adsorption of O 2 , the Pd atom is also pulled out of the CN plane upon CO adsorption. The bond distance of adsorbed CO is slightly elongated by 0.02Å as compared with that of free CO (1.14Å), owing to the less electron transfer (CO gains 0.06 e). Fig. 2 factor to determine whether these two systems could avoid CO 2 poison. Conventionally, the CO 2 adsorption energy should be less than 0.5 eV. [43] It can be seen in the Fig. S4 , the CO 2 adsorption energies on Pd/Pt@CN are −0.11 and −0.48 eV, respectively. Besides, the CO 2 molecule stays above the Pd/Pt@CN monolayer without any distortion, and the lengths of two C−O bonds are all equal to that of free CO 2 molecule. Therefore, we conclude that the molecule CO 2 can be released readily once formed.
Combining the
Prior to study the reaction mechanism, it is necessary to check the capture performance (co−adsorption of the reactants) over the substrate. According to the Fig. S4, two 
CO Oxidation on Pd/Pt@CN
Two well−established reaction mechanisms for CO oxidation over SACs, namely, ER (Eley−Rideal) and LH (Langmuir−Hinshelwood), as well as new TER (termolecular Eley−Rideal) are taken into consideration. [44, 43, 23] According to the adsorption energies discussed above, although the Pd/Pt@CN sheets show stronger interaction with CO compared to O 2 , the catalytic center can be pre−occupied by O 2 under O 2 rich working environment. So we investigate the oxidation of the first CO by pre−adsorbed O 2 along the ER path.
Taking Pd@CN as an example, the configuration of physisorbed CO above the 9 pre−adsorbed O 2 over Pd@CN was selected as initial state (IS)[see Fig. 3(a We then examine the CO oxidation over Pd/Pt@CN through the LH mechanism by simultaneously adsorbing O 2 and CO. As mentioned before, the stronger ability for the co−adsorption of O 2 and CO demonstrates the feasibility of LH mechanism. Fig. 3 Therefore, CO can be oxidized through the LH mechanism on Pt@CN with a relatively small energy barrier of 0.68 eV and a fully exothermic reaction energy of 1.52 eV. The left O in O 2 will continue to react with the second incoming CO to form another CO 2 . As Fig. 3(d Therefore, the CO oxidation reaction over Pt@CN through LH mechanism is completely feasible.
A previous study has shown that two CO molecules can assist O 2 scission and promote CO oxidation. [45] Moreover, the co−adsorption of two CO molecules over Pd/Pt@CN is stronger than that of single one. So the new TER route is worthy of consideration. The reaction route and relative energy are given in Fig.   3 (c). Here, the CO oxidation reaction starts from the co−adsorption of two CO molecules over Pd/Pt (shown in Fig. S4 After that, OCOOCO is decomposed into two free CO 2 molecules synchronously with a reaction barrier of 0.48 (Pd@CN) and 1.18 eV (Pt@CN). Overall, the rate−limiting reaction barrier for Pd@CN is only 0.48 eV, lower than those on noble metal catalysts (0.53−1.01 eV). [3, 4] Additionally, the averaged adsorption energy for one CO 2 molecule in FS is 0.19 eV, which provides the possibility of spontaneous desorption from the catalyst Pd@CN.
Conclusion
In summary, by means of DFT calculations, we systemically investigate the potential of Pd and Pt anchored porous CN monolayer as SACs for CO oxidation. Both Pd and Pt possess appreciable binding energies to the CN monolayer along with large diffusion barriers, prohibiting the aggregation of adatoms, thereby enhancing the durability of catalysts. Besides, the MD simulation verifies that Pd/Pt@CN show highly thermodynamic stability at room temperature. Furthermore, the charge density difference plots and spin−polarized local density of state for O 2 and CO adsorption on Pd/Pt@CN demonstrate that the substrate can effectively capture and activate the gases via the electron "acceptance−donation" process. Finally, the detailed mechanistic pathways of CO oxidation over Pd/Pt@CN are comparatively investigated along ER, LH, and TER mechanisms. For Pd@CN, TER mechanism is more preferable, while Pt@CN is inclined to promote the CO oxidation through LH mechanism, and the rate−limiting energy barriers are less than those of noble metals catalysts.
We predict that transition−metal atoms embedded in the porous CN monolayer is a promising platform to realize SACs for CO oxidation, which is worthy of further experimentation.
